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Transgenic mice expressing a truncated form of
CREB-binding protein (CBP) exhibit deficits in
hippocampal synaptic plasticity and memory storage

Marcelo A. Wood,"* Michael P. Kaplan,' Alice Park,'* Edward . Blanchard,’
Ana M.M. Oliveira," Thomas L. Lombardi,'* and Ted Abel'*
"Department of Biology, University of Pennsylvania, Philadelphia, Pennsylvania 19104, USA

Deletions, translocations, or point mutations in the CREB-binding protein (CBP) gene have been associated with
Rubinstein-Taybi Syndrome; a human developmental disorder characterized by retarded growth and reduced mental
function. To examine the role of CBP in memory, transgenic mice were generated in which the CaMKlla promoter
drives expression of an inhibitory truncated CBP protein in forebrain neurons. Examination of hippocampal
long-term potentiation (LTP), a form of synaptic plasticity thought to underlie memory storage, revealed
significantly reduced late-phase LTP induced by dopamine-regulated potentiation in hippocampal slices from CBP
transgenic mice. However, four-train induced late-phase LTP is normal. Behaviorally, CBP transgenic mice exhibited
memory deficits in spatial learning in the Morris water maze and deficits in long-term memory for contextual fear
conditioning, two hippocampus-dependent tasks. Together, these results demonstrate that CBP is involved in specific
forms of hippocampal synaptic plasticity and hippocampus-dependent long-term memory formation.

Studies have demonstrated a pivotal role for transcription in
learning and memory, from early experiments showing that RNA
synthesis inhibitors block long-term memory without altering
short-term memory, to studies in Drosophila, Aplysia, and mice
demonstrating that transcription factor cAMP response element
binding protein (CREB) is involved in long-term memory (Lonze
and Ginty 2002; Kaplan and Abel 2003). Use-dependent changes
in synaptic strength in the hippocampus and other brain regions
are thought to underlie memory storage. One intensely studied
form of synaptic plasticity is hippocampal long-term potentia-
tion (LTP), a persistent, activity-dependent form of synaptic en-
hancement (Bliss and Richter-Levin 1993; Martin and Morris
2002). CREB has been shown to be involved in certain types of
hippocampal LTP as well as long-term memory (for review, see
Kaplan and Abel 2003). In most cases, CREB activates transcrip-
tion of target genes by recruiting the coactivator CREB-binding
protein (CBP) (Goodman and Smolik 2000), via the interaction
between the Ser-133 phosphorylated kinase-inducible domain
(KID) of CREB and the KIX domain of CBP (Chrivia et al. 1993).
CBP stimulates transcription in two ways: via its intrinsic histone
acetyltransferase (HAT) activity and via recruitment of compo-
nents of the general transcriptional machinery (for review, see Vo
and Goodman 2001).

A role for CBP in memory storage was first demonstrated in
a mouse model of Rubinstein-Taybi Syndrome (Oike et al. 1999).
RTS is a human developmental disorder characterized by retarded
growth and reduced mental function (Rubinstein and Taybi
1963; Hennekam et al. 1992; Cantani and Gagliesi 1998), caused
by breakpoints, microdeletions and point mutations in CBP
(Petrij et al. 1995; Coupry et al. 2004). Mice heterozygous for an
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inhibitory truncated CBP allele, lacking the HAT domain and
carboxyl terminus, showed many features of RTS such as growth
retardation, cardiac anomalies, and skeletal abnormalities as well
as deficient long-term memory (Oike et al. 1999; Bourtchouladze
et al. 2003). These results suggest that CBP may have a role in
long-term memory, but this interpretation needs to be made
with caution due to the significant developmental abnormalities
in this mouse model of RTS in which the alterations in CBP are
not spatially or temporally restricted.

To examine the role of CBP in memory independent of its
role in development or in peripheral tissues, we generated trans-
genic mice that express CBPA1, an inhibitory truncated CBP
protein lacking the HAT domain and carboxyl terminus. CBPA1
is expressed from the calcium/calmodulin-dependent protein
kinase Ila (CaMKIla) promoter, which drives expression post-
natally in neurons within the hippocampus, striatum, amyg-
dala, and cortex (Mayford et al. 1996; Kojima et al. 1997).
CaMKIIa-CBPA1 transgenic mice exhibit deficits in specific
forms of hippocampal synaptic plasticity and impairments in
spatial learning and long-term memory for contextual fear con-
ditioning. Our analysis of CaMKIla-CBPA1 transgenic mice sug-
gests that this transcriptional coactivator has a role in synaptic
plasticity and memory storage.

Results

Generation of transgenic mice expressing truncated
CBP (CBPAI)

CBPAL1 is based on the CBP truncation mutant generated by Oike
et al. (1999) in their screen to identify genes associated with
development in mice. Heterozygous CBP-deficient mice, which
express the truncated CBP protein (lacking amino acids 1084-
2441) thought to be acting as a dominant negative inhibitor,
showed clinical features of Rubinstein-Taybi syndrome (RTS)
(Oike et al. 1999). We deleted amino acids 1084-2441 to generate
the same inhibitory form of CBP (CBPA1). CBPA1 contains the
CREB-binding domain (KIX), which interacts with CREB and
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other factors, but lacks the BROMO domain and the histone ace-
tyltransferase (HAT) domain in the carboxy-terminal half of CBP
(Fig. 1A). Importantly, the CBPA1 truncation mutant is predicted
to bind factors that interact with the amino terminus of CBP.
Thus only a subset of CBP-interacting factors, including CREB,
should be affected by this mutant.

CBPA1 was FLAG-epitope tagged (Wood et al. 2000) and
expressed from the CaMKIla promoter (Mayford et al. 1996) to
restrict transgene expression spatially to forebrain neurons. A
transgenic approach was chosen because it allowed for expres-
sion of the CBP truncation product to be spatially restricted to
neurons within the hippocampus, striatum, amygdala, and cor-
tex as well as temporally restricted to post-natal development
(Kojima et al. 1997) in order to avoid the developmental effects
and lethality observed in more conventional CBP mutations
(Tanaka et al. 1997; Oike et al. 1999). Additionally, CBP is thought
to be present in the cell at limiting concentrations (for review, see
Kamei et al. 1996; Vo and Goodman 2001) and due to transgene
copy number and transgene insertion effects, different transgenic
lines may have different levels of expression resulting in a range
of impairments in CBP function. Three independent transgenic
mouse lines expressing FLAG-CBPA1 were generated. The three
lines had low (line 1352), medium (line 1353), and high (line
1364) levels of transgene expression as determined by semi-
quantitative in situ hybridization. Even though there is a wide
range of expression from line 1352 to line 1364, all three lines
have 25-30 transgene copies, as determined by Southern blot
analysis (data not shown). As shown in Figure 1B, the transgene
is expressed in the hippocampus, amygdala, striatum, and cortex
in line 1364. All three lines were analyzed behaviorally, but as
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Figure 1. Generation of CaMKlla-CBPA1 transgenic animals. (A) A
mouse CBP cDNA truncation mutant, including amino acids 1-1084, was
FLAG-epitope tagged at the amino terminus and cloned into a vector
containing intron and exon sequences with splice sites and the SV40
polyadenylation signal. This entire sequence was then cloned down-
stream of the 8.5 kb mouse CaMKIla promoter. This construct was then
used to generate CaMKIla-CBPA1 transgenic mice via pronuclear injec-
tion. (B) Coronal sections from the brains of CBPA1 transgenic mice (B1)
and a wild-type littermate (B2) were hybridized with a probe specific to
the CBPA1 transgene. Expression of the transgene is observed in the
hippocampus, cortex, striatum, and amygdala. (C) Coronal sections from
a CBPA1 transgenic mouse (C7) and a wild-type littermate (C2) were Niss|
stained to confirm integrity of the hippocampus and other structures. (D)
Total RNA was isolated from the hippocampus, cortex, and cerebellum of
CaMKlla-CBPAT1 transgenic mice and wild-type littermates and analyzed
by Northern blot. The membrane was first hybridized to an amino-
terminal CBP radiolabeled probe, stripped, and then subject to a B-actin
radiolabeled probe. The ethidium bromide-stained RNA gel is also shown,
revealing 18S and 28S rRNAs.
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only line 1364 exhibited hippocampus-dependent memory defi-
cits, we focused on line 1364 for further analysis.

The CaMKIla promoter does not become active until 10-21
d post-partum (Kojima et al. 1997) and expression is restricted
spatially to forebrain neurons, which may be one reason why
CBPA1 transgenic mice do not have the developmental impair-
ments (growth retardation, significantly reduced weight, re-
tarded osseous maturation and other skeletal abnormalities, car-
diac abnormalities, and seizures) observed in the heterozygous
CBP-deficient mice generated by Oike et al. (1999). CBPA1 trans-
genic mice are developmentally similar to their wild-type litter-
mates. There was no observable weight difference between
CBPAT1 transgenic males (27.8 = 1.2 g) and wild-type male litter-
mates (25.4 = 1.3 g) (t{[7] =1.11, p=NS) or between CBPA1l
transgenic females (21.3 = 0.4 g) and wild-type female litter-
mates (20.8 = 0.4 g) (t[7] =0.83, p =NS). To observe locomotor
activity and anxiety, mice were examined on the elevated zero
maze. No differences were observed in the number of transitions
between the open and closed quadrants (f[22] = 1.21, p = NS),
head pokes into open quadrants (t[22] = 0.19, p = NS), or time
spent in the open quadrant (¢[22] =1.47, p = NS). In Figure 1C,
Nissl staining of coronal sections from CBPA1 transgenic (C1)
and wild-type littermates (C2) showed no gross morphological
differences. Northern blot analysis showed that the CBPA1 trans-
cript is expressed in the hippocampus and cortex, but not the
cerebellum, of CBPA1 transgenic mice (Fig. 1D). Quantification
of the CBPA1 transcript and endogenous CBP transcript revealed
that the transgene product is expressed at 95% of endogenous
CBP levels in the hippocampus and 84% of endogenous CBP
levels in the cortex. We used Affymetrix U74Av2 microarrays to
examine changes in gene expression at basal conditions. Five
CBPA1 transgenic mice and five wild-type littermates were taken
from their homecages, hippocampi were dissected, and cRNA
target was prepared according to the recommended protocol
(Affymetrix). Data were processed using Robust Multiarray Aver-
age (RMA) (Bolstad et al. 2003). Statistical Analysis of Microarray
(SAM) (Tusher et al. 2001) was used to estimate the significance
of expression changes between transgenic and wild-type animals.
In these basal-state conditions, we did not observe any signifi-
cant changes in hippocampal gene expression between CBPA1
transgenic mice and wild-type littermates, including no differ-
ences in the following housekeeping genes: tubulin, B-actin, 28S
rRNA, ribosomal proteins RPL23 and RPL13A, hprt, gapdh, and ubc
(M.A. Wood, M.B. Keeley, C. Isiegas, K. Hellman, J. Stein, and T.
Abel, unpubl.).

The truncated CBP mutant in CBPA1 transgenic mice was
designed to interrupt transcription factors utilizing CBP as a co-
activator for the expression of their target genes. One such trans-
cription factor is CREB. To examine the effect of the truncated
CBP mutant on CRE-mediated transcription, we expressed it in
HEK293 cells along with a CRE-luciferase reporter gene. CRE-
mediated transcription induced by forskolin/IBMX treatment was
inhibited by CBPA1 by ~75% (Fig. 2). Normalized CRE-luciferase
levels reached 53.1 = 6.8 relative light units (RLUs), but only
11.9 + 0.9 RLUs in the presence of the truncated CBP mutant, in-
dicating that this CBP mutant significantly affects CRE-dependent
forskolin-stimulated transcription (t[10] = 6.01, p < 0.0001).

Reduced long-term potentiation in the hippocampus

of CBPAI transgenic mice

Long-term potentiation (LTP), the activity-dependent change in
the strength of neuronal connections, is a form of long-lasting
synaptic plasticity that has been proposed as a cellular mecha-
nism of learning and memory (for review, see Martin and Morris
2002). To determine whether CBPA1 transgenic mice exhibit
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Figure 2. CBPAT inhibits CRE-mediated transcription in tissue culture.
The truncated CBP mutant (CBPA1) inhibits CRE-mediated transcription
by ~75%. Normalized CRE-luciferase levels reached 53.1 = 6.8 relative
light units (RLUs), but only 11.9 = 0.9 RLUs in the presence of the trun-
cated CBP mutant, showing that this CBP mutant affects CRE-dependent
transcription. * indicates p < 0.0001.

deficits in LTP, we characterized three forms of LTP in the CA1l
region of hippocampal slices from mutant mice and their wild-
type littermates: the transient early form of LTP resulting from a
single 1 sec, 100 Hz train (E-LTP), and the longer-lasting forms of
LTP resulting from four 1 sec, 100 Hz trains delivered 5 min apart
(tetraburst L-LTP), or from a single 100 Hz train delivered in the
presence of a D1 dopaminergic agonist, chloro-APB hydrobro-
mide (Pittenger et al. 2002). The enhancement of LTP by D1
agonists is reduced by K-CREB, a dominant negative form of
CREB (Pittenger et al. 2002), suggesting that it might also be
affected by the inhibitory CBPA1 mutant. Conversely, E-LTP and
tetraburst L-LTP are not affected by K-CREB and are predicted to
be unaffected by the inhibitory CBPA1 mutant.

Before examining changes in LTP, it was necessary to deter-
mine whether hippocampal slices from CBPA1 transgenic mice
showed any significant changes in baseline synaptic transmis-
sion. Field potentials in the CA1 region were elicited with bipolar
stimulating electrodes placed in the Schaffer collaterals and char-
acterized with respect to initial slope, peak amplitude, and input-
output relationship. Hippocampal slices from CBPA1 transgenic
and wild-type littermates were similar with respect to these base-
line parameters (Fig. 3). Field potentials in slices from wild type
and CBPA1 transgenic mice exhibit similar waveforms (Fig. 3A,B,
respectively), and a scatter plot relating the initial slope of the
fEPSP to the size of the presynaptic fiber volley (Fig. 3C) shows
that expression of CBPA1 in transgenic animals (1 = 7 slices from
four mice) does not change the input-output characteristics in
area CAl as compared to wild-type littermates (n =4 slices
from three mice). There was also no difference in maximum re-
sponses, with average initial slopes of —4.8 = 0.3 for wild type
and —4.6 = 0.3 mV/msec for transgenic littermates (Fig. 3D;
t[19] =0.26, p =NS; n =26 slices from 16 wild-type mice and
n =32 slices from 15 CBPA1 transgenic mice).

To determine whether short-term forms of synaptic plastic-
ity are affected by expression of CBPA1 in transgenic mice, we
examined post-tetanic potentiation and paired pulse facilitation,
a form of short-term synaptic plasticity that is sensitive to
changes in presynaptic probability of release (Zucker 1989), in
hippocampal slices from CBPA1 transgenic and wild-type litter-
mates. When pairs of stimuli were delivered at interstimulus in-
tervals from 25 to 300 msec, both wild type (n = 15 slices from
eight mice) and CBPA1 transgenic hippocampal slices (n =21
slices from nine mice) display similar levels of facilitation (Fig.
3E-G). There were also no significant differences in post-tetanic

potentiation following a single 1 sec, 100 Hz train, either in con-
trol saline (Fig. 3H; t[14] = 0.78, p = NS; n = 10 slices from eight
wild-type mice and n =11 slices from eight CBPA1 transgenic
mice), or in the presence of chloro-APB (Fig. 4B; t[10] = 0.33,
p =NS; n =15 slices from five wild-type mice and n = 7 slices from
seven CBPA1 transgenic mice).

To assess the effects of the expression of CBPA1 on long-
term potentiation, test pulses were delivered once per minute to
the Schaffer collaterals and the resulting fEPSPs were recorded.
After recording stable baseline fEPSP responses for at least 15
min, LTP was induced by one of three protocols. When tetraburst
L-LTP was induced by four 1 sec, 100 Hz trains delivered 5 min
apart, average responses for hippocampal slices from wild-type
mice (n =6 slices from five mice) and CBPA1 transgenic mice
(n =7 slices from four mice) show that this form of LTP is not
significantly different between groups (Fig. 4A; Fj; 1099; = 0.24,
p =NS), with average potentiation at 60 min at 165 = 5% of
control for wild-type mice and 161 = 11% for CBPA1 transgenic
mice (Fig. 4B). To study a second form of LTP, sections were
treated with 10 pM chloro-APB in 0.05% EtOH for 25 min, fol-
lowed by a single 1 sec, 100 Hz train. Average responses for hip-
pocampal slices from wild-type mice (n = 5 slices from five mice)
and CBPA1 transgenic mice (n = 7 slices from seven mice) show
that this form of LTP is significantly reduced in CBPA1 transgenic
mice (Fig. 4C; Fj1 1150) = 9.41, p < 0.05), with average potentiation
at 60 min at 216 + 13% of control for wild-type mice and
176 = 8% for CBPA1 transgenic mice (Fig. 4D; t[10] = 2.68,
p <0.05). In contrast, there was no difference between hippo-
campal slices from wild-type mice (n = 4 slices from three mice)
and CBPA1 transgenic mice (n =5 slices from four mice) in the
E-LTP resulting from a single 1 sec, 100 Hz train in control saline
(Fig. 4E; F}; 426) = 0.23, p = NS), with no differences between wild
type (133 = 5% of control) and CBPA1 transgenic mice
(135 = 9% of control) in the average potentiation at 60 min (Fig.
4F; t[6] = 0.50, p =NS). These results indicate a role for CBP in
long-lasting hippocampal synaptic plasticity induced by pairing
tetanic electrical stimulation and D1 receptor activation.

CBPAI transgenic mice exhibit deficit in spatial
learning as observed in the hidden-platform version

of the Morris water maze

The hidden-platform version of the Morris water maze, a hippo-
campus-dependent task, requires an animal to learn and remem-
ber the relationships between multiple distal cues and the plat-
form location to escape the water (for review, see Lipp and Wolfer
1998; D’Hooge and De Deyn 2001). Acquisition of this task nor-
mally requires between six and 10 days of training depending on
the genetic background of the mouse and the number of trials
per day (Kogan et al. 1997; Lipp and Wolfer 1998). As shown in
Figure 5A, CBPA1 transgenic mice have a significant overall im-
pairment in acquisition as compared to wild-type littermates
(main effect of genotype: F|; 133 = 7.07, p < 0.05; main effect of
day: Fj; 133 = 6.89, p<0.0001; genotype X day interaction:
F|7 133, =0.82, p=NS). CBPA1 transgenic mice (35.0 + 5.2 sec)
reached an acquisition plateau on the fifth day of training
whereas wild-type littermates (21.1 + 4.3 sec) reached a signifi-
cantly lower average escape latency. There was no difference in
swim speed (main effect of genotype: Fj; 133, =1.87, p=NS)
or percent time spent floating (defined as swimming less than
5 cm/sec) between the two groups (main effect of genotype:
Fj1,133; = 0.24, p =NS). CBPA1 transgenic mice did demonstrate
significantly more thigmotaxis (swimming in the outer 10% of
the pool) during training than did wild-type littermates (main
effect of genotype: F|; ;33 =5.92, p<0.05). To assess spatial
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Figure 3.

from eight wild-type mice).

memory more directly, the mice were subject to probe trials, in
which the platform was removed and the mice were allowed
60 sec to search the pool. The search pattern of an animal reveals
spatial bias, which is thought to represent spatial long-term
memory (Schenk and Morris 1985). There were no significant
differences observed between groups on the probe trial the day
after the fourth session (data not shown; main effect of quadrant:
Fi3 57 =194, p=NS; main effect of genotype: F|; 57 = 2.35,
p =NS; genotype X quadrant interaction: F3 5, = 0.62, p = NS).
However, during the probe trial at the end of training on the
tenth day, CBPA1 transgenic mice spent significantly less time in
the target quadrant, where the platform was located during train-
ing, than wild-type littermates (Fig. 5B; main effect of quadrant:
Fi3577=3.78, p<0.05; main effect of genotype: F; 5, =0.97,
p =NS§; genotype X quadrant interaction: Fj3 5, = 3.36, p < 0.05).
Wild-type mice show a preference for the target quadrant relative
to other quadrants whereas CBPA1 transgenic mice do not show
a spatial preference (Fig. 5B). No differences were observed in
swim speed, floating, or thigmotaxis between the two groups
during the probe trial (swim speed: t[19] = 0.89, p = NS; floating:
f[19] = 0.48, p = NS; thigmotaxis: t[19] = 1.67, p = NS). We have

114 Learning & Memory

www.learnmem.org

Baseline electrophysiological properties are normal in CBPAT1 transgenic mice. (A-C) Input-
output characteristics were examined by recording field potentials (fEPSPs) in area CAT resulting from
stimuli of increasing intensity delivered to the Schaeffer collaterals in 400 um hippocampal slices from
wild type (A) and CBPAT1 transgenic mice (B). Plots of fEPSP initial slopes versus the corresponding
presynaptic fiber volley amplitudes (C) are similar in slices from wild-type littermates (n = 4 slices from
three mice) and CBPAT1 transgenic mice (n = 7 slices from four mice). (D) Maximum fEPSP slopes are
similar in CBPA1 transgenic mice (n = 32 slices from 15 mice) and wild-type littermates (n = 26 slices
from 16 mice). Sample traces of paired pulse facilitation at 25, 50, 100, 200, and 300 msec are shown
in slices from wild type (E) and CBPA1 transgenic mice (f). (G) Paired-pulse facilitation is not signifi-
cantly different between wild type (n = 15 slices from eight mice) and CBPA1 transgenic mice (n = 21
slices from nine mice) at interstimulus intervals between 25 and 300 msec. (H) Post-tetanic potentia-
tion is not altered in CBPA1 transgenic mice (n = 11 slices from eight transgenic mice and n = 10 slices

also observed significant impairments in
a recently derived CBPA1 transgenic
mouse line (line 1611) for the hidden
platform version of the water maze (data
not shown), supporting our findings in
the CBPA1 transgenic mouse line 1364
presented here.

There was no difference observed
between CBPA1 transgenic mice and
wild-type littermates in escape latencies
during training in the visible platform

0.0 -1.0 -2.0
presynaptic fiber volley (mV)

J TG I J version of the water maze (Fig. 5C;
- main effect of genotype: F|; 35 = 0.58,

p =NS). Both groups did improve across
( days demonstrating that the task was ac-

quired (main effect of day: Fj3 33 = 13.45,
p <0.0001; genotype X day interaction:
Fi3,33=0.53, p=NS). A different set of
mice were used for the visible platform
version of the water maze than for the
hidden platform version. Overall, these
results indicate that CBPA1 transgenic
mice have impaired spatial learning.

50 ms

_|1mv

CBPALI transgenic mice exhibit
impaired contextual fear
conditioning but normal cued

fear conditioning

Contextual and cued fear conditioning
are two forms of associative learning
that induce effective memory for either
the context or the cue after a single
training session (e.g., Abel et al. 1997;
LeDoux 2000). These two types of fear
conditioning are thought to require par-
tially distinct, but overlapping, neural
systems. Lesions of the hippocampus af-
fect contextual conditioning whereas le-
sions of the amygdala affect both con-
textual and cued conditioning (for re-
view, see Maren 2001). Memory for the
conditioned stimulus was measured as
freezing, an absence of visible move-
ment, when presented with the condi-
tioned context or cue in a 24 h retention test. CBPA1 transgenic
mice and wild-type littermates showed the same level of freezing
before and after the shock on training day (Fig. 6A; preshock:
wild-type mice exhibited 0.2 = 0.2% freezing; transgenic mice
exhibited 0.4 = 0.2% freezing; t[36] = 0.52, p = NS; post-shock:
wild-type mice exhibited 8.3 = 2.5% freezing; transgenic mice
exhibited 12.1 = 2.9% freezing; t[36] = 0.95, p = NS). However,
when re-exposed to the conditioned context 24 h later, CBPA1
transgenic mice show a significant decrease in freezing compared
to their wild-type littermates (Fig. 6A; 24 h test: wild-type mice
exhibited 57.6 = 3.4% freezing; transgenic mice exhibited
44.9 = 4.1% freezing; t[36] = 2.37, p <0.05). To assess whether
CBPAT1 transgenic mice have normal short-term memory for con-
textual fear, a separate set of CBPA1 transgenic mice and wild-
type littermates were tested in the conditioned context 1 h after
training (Fig. 6B). CBPA1 transgenic mice and wild-type litter-
mates showed similar levels of freezing 1 h after training (Fig. 6B;
wild-type mice exhibited 45.0 £ 5.2% freezing; transgenic mice
exhibited 41.9 = 5.3% freezing; t[20] = 0.69, p = NS). This indi-
cates that CBPA1 transgenic mice have normal short-term
memory for the conditioned context.
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Figure 4. Long-term potentiation deficits in CBPA1 transgenic mice. (A) Long-term potentiation

(LTP) at Schaffer collateral synapses in response to four 1 sec, 100 Hz trains administered 5 min apart
is normal in CBPA1 transgenic mice. Both CBPA1 transgenic mice (n = 7 slices from four mice) and
wild-type littermates (n = 6 slices from five mice) show stable potentiation. Insets show superimposed
sample sweeps from before and 60 min after tetanic stimulation for CBPA1 transgenic mice and
wild-type littermates. (B) At 60 min following tetanic stimulation, wild-type mice showed potentiation
to 165 = 5% of control, and CBPA1 transgenic mice showed potentiation to 161 = 11% of control.
(Q) LTP in response to a single 1 sec, 100 Hz train in the presence of a D1 dopaminergic agonist (10
UM chloro-APB hydrobromide) is impaired in CBPAT transgenic mice. Both CBPA1 transgenic mice
(n=7 slices from seven mice) and wild-type littermates (n =5 slices from five mice) show stable
potentiation, but CBPA1 transgenic hippocampal slices show significantly reduced LTP. (D) At 60 min
following tetanic stimulation, wild-type mice showed potentiation to 216 = 13% of control, whereas
CBPA1 transgenic mice showed significantly decreased potentiation to 176 + 8% of control. ()
Long-term potentiation in response to a single 1 sec, 100 Hz train in control saline is not significantly
different between slices from CBPAT transgenic mice (n=5 slices from four mice) and wild-type
littermates (n = 4 slices from three mice). (F) At 60 min following tetanic stimulation by a single 1 sec,
100 Hz train in control saline, wild-type mice (133 + 5% of control) show equivalent potentiation to
CBPA1 transgenic mice (135 + 9% of control). * indicates p < 0.05. Scale bars: 3 msec, 1 mV.

Discussion

We have shown that CBP is involved in
a specific form of hippocampal synaptic
plasticity and spatial and contextual
hippocampus-dependent memory. In
CBPA1 transgenic mice, we observed a
reduction in LTP induced by a single
tetanus paired with a D1 dopaminergic
agonist, the first demonstration of a role
for CBP in this form of LTP. Behavior-
ally, we found that CBPA1 transgenic
mice have spatial memory deficits in the
hidden-platform version of the Morris
water maze, which were not due to vi-
sual, motivational, or motor coordina-
tion difficulties. Additionally, long-term
memory for contextual fear condition-
ing was impaired in CBPA1 transgenic
mice, supporting the idea that CBP may
have a specific role in hippocampus-
dependent learning and memory.

Role for CBP in

hippocampus-dependent memory

We generated CBPA1 transgenic mice
that express an inhibitory truncated CBP
mutant because this mutant CBP protein
appears to act in a dominant negative
fashion (Oike et al. 1999). Indeed, we
found CBPA1 to significantly impair
CRE-dependent transcription. The
CBPA1 truncation mutant is predicted to
bind only to factors that interact with
the amino terminus of this transcrip-
tional coactivator. Factors that bind to
CBPA1 do not recruit HAT activity be-
cause of the removal of this domain in
CBPA1. Thus, only a subset of CBP-
interacting factors, including CREB,
should be affected by this mutant. This
same inhibitory truncated CBP mutant
is expressed by mice generated by Oike
et al. (1999), which have one wild-type
CBP allele and one truncated CBP allele,
and these mice phenocopy Rubinstein-
Taybi Syndrome (RTS) in humans (we re-
fer to these mice here as RTS mice). Two
important differences between our
CBPA1 transgenic mice and the RTS
mice are that CBPA1 transgenic mice ex-

A different set of CBPA1 transgenic and wild-type mice that
were naive to fear conditioning were used for the cued fear con-
ditioning experiment. CBPA1 transgenic mice and wild-type lit-
termates showed the same level of freezing before and after the
shock on training day (Fig. 6C; preshock: wild-type mice exhib-
ited 1.1 £ 0.6% freezing; transgenic mice exhibited 1.4 = 0.9%
freezing; t[20] = 0.31, p = NS; post-shock: wild-type mice exhib-
ited 13.1 + 4.7% freezing; transgenic mice exhibited 6.3 = 3.1%
freezing; t[20] = 1.03, p = NS). No differences were observed in
the 24 h retention test, performed in a novel context, between
groups either before or after the cue (Fig. 6C; pre-CS: wild-type
mice exhibited 16.5 + 2.9% freezing; transgenic mice exhibited
17.5 £ 2.6% freezing; t[20] = 0.26, p = NS; CS: wild-type mice ex-
hibited 77.6 = 3.8% freezing; transgenic mice exhibited
78.9 + 4.1% freezing; t[20] = 0.23, p = NS).

press the truncated CBP mutant in the presence of two wild-type
CBP alleles, and that expression is spatially and temporally re-
stricted in CBPA1 transgenic mice to post-natal neurons in spe-
cific regions of the brain. As a result, the CBPA1 mutant is less
deleterious in our transgenic mice, and we were able to study the
role of CBP in memory storage independent of the developmen-
tal abnormalities observed in RTS mice.

RTS mice exhibit impaired long-term memory in a step-
through-avoidance test and cued fear conditioning, with no ob-
servable deficits in contextual fear conditioning or the Morris
water maze (Oike et al. 1999). RTS mice have also been found to
have long-term memory deficits for object recognition (Bourt-
chouladze et al. 2003). The discrepancy between our results and
those of Oike et al. (1999) may be due to the aforementioned
differences in the expression of the truncated CBP protein be-
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Figure 5. CBPAT trangenic mice exhibit impaired spatial learning. (A)
Mean escape latency during acquisition of the hidden-platform version of
the Morris water maze. CBPA1 transgenic mice (n = 9) have a significant
overall impairment in acquisition as compared to wild-type littermates
(n=12). (B) Mean percent time spent in each quadrant during the post-
training probe trial on day ten. CBPA1 transgenic mice (n=9) spent
significantly less time in the target quadrant, where the platform was
located during training, than did wild-type littermates (n = 12). (C) Mean
escape latency during acquisition of the visible-platform version of the
Morris water maze. A different group of mice were tested in the visible-
platform experiment than those tested in the hidden-platform experi-
ment. There was no difference observed between CBPA1 transgenic mice
(n = 8) and wild-type littermates (n = 5) in the visible platform version of
the Morris water maze. * indicates p < 0.05.

tween RTS mice (throughout the organism) and CBPA1 trans-
genic mice (specific areas of the brain), or to the significant de-
velopmental abnormalities seen in RTS mice. Additionally, dif-
ferences in behavioral training protocols and genetic background
can contribute significantly to observed differences (Bucan and
Abel 2002).

Interestingly, although we observe transgene expression in
the amygdala, CBPA1 transgenic mice do not exhibit cued fear
conditioning deficits. One possibility for this observation is that
the CaMKIla promoter drives expression of a transgene to a lesser
extent in the amygdala than the hippocampus. Indeed, trans-
genic mice expressing a dominant negative mutation of PKA
from the CaMKIla promoter express more highly in the hippo-
campus than the amygdala (Bourtchouladze et al. 2000) and ex-
hibit impaired long-term memory for contextual fear condition-
ing, but normal long-term memory for cued fear conditioning as
well as conditioned taste aversion, two amygdala-dependent
tasks (Abel et al. 1997). Another possibility is that different
memory systems have differential molecular requirements. Thus,
long-term memory for hippocampus-dependent contextual fear
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conditioning may be more sensitive to alterations in CBP activ-
ity, whereas memory for amygdala-dependent cued fear condi-
tioning may not. In support of this last possibility, we have ob-
served that knock-in mice homozygous for point mutations in
the CREB-binding domain (KIX) of CBP exhibit significantly im-
paired long-term memory for contextual fear conditioning, but
normal memory for cued fear conditioning (M. Wood, unpubl.).
These results are similar to what we have observed in the CBPA1
transgenic mice, suggesting that CBP function is particularly im-
portant for hippocampus-dependent forms of memory.

Role for CBP in hippocampal synaptic plasticity

CBPA1 transgenic mice showed normal tetraburst L-LTP induced
by four 100 Hz, 1 sec trains and normal E-LTP induced by a single
1 sec, 100 Hz train but showed a significant reduction in L-LTP
induced by the same 100 Hz train paired with the dopamine D1
agonist, chloro-APB. This form of LTP was also impaired in trans-
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Figure 6. CBPA1 transgenic mice exhibit impaired long-term memory
for contextual fear conditioning but normal cued fear conditioning. (A)
Training and 24 h long-term memory test during contextual fear condi-
tioning. There was no difference in freezing behavior between CBPA1
transgenic mice (n = 18) and wild-type littermates (n = 20) during the
first 2.5 min before the shock is presented (preshock) or the 0.5 min after
the shock (post-shock). However, CBPA1 transgenic mice exhibited a
significant decrease in freezing in a 24 h retention test, performed in the
same conditioned context, as compared to wild-type littermates. (B)
Training and 1 h short-term memory test during contextual fear condi-
tioning. CBPA1 transgenic mice (n=11) and wild-type littermates
(n=11) showed no differences in freezing in a 1 h retention test, per-
formed in the same conditioned context. (C) Training and 24 h long-term
memory test during cued fear conditioning. No differences in freezing
behavior were observed between CBPAT transgenic mice (n = 14) and
wild-type littermates (n = 8) during training or the 24 h retention test.
The 24 h test was performed in a novel context for cued fear condition-
ing. * indicates p < 0.05.
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genic mice expressing KCREB, a dominant negative form of CREB
(Pittenger et al. 2002). Like our CBPA1 transgenic mice, trans-
genic mice expressing KCREB showed normal tetraburst L-LTP
and normal E-LTP in response to a single train of stimuli. It has
become increasingly clear that there are multiple forms of long-
lasting hippocampal synaptic plasticity, including LTP induced
by the pairing of one train with D1 activation (Pittenger et al.
2002), theta-burst stimulation (Woo et al. 2000) and massed or
spaced delivery of three or four 100 Hz tetani (Scharf et al. 2002).
These forms of LTP have been shown to differ in their molecular
mechanisms. For example, transgenic mice expressing KCREB,
show normal L-LTP resulting from theta burst or tetraburst pro-
tocols (Pittenger et al. 2002). Further, other studies using differ-
ent genetic manipulations of CREB in mice have also not found
impairments in LTP induced by induction protocols using mul-
tiple tetani (Gass et al. 1998; Balschun et al. 2003). The similar
phenotypes of reduced LTP induced by pairing of synaptic stimu-
lation with chloro-APB in KCREB and CBPA1 transgenic mice
suggests that CBP may be functioning as a transcriptional coac-
tivator for a CREB family member in the Schaffer collateral path-
way of the hippocampus to mediate the transcription of genes
required for this form of synaptic plasticity. It also raises the
intriguing question of what transcriptional mechanisms mediate
LTP in response to multiple tetanic trains.

While this manuscript was in preparation, two papers ap-
peared showing that conditional transgenic mice expressing his-
tone acetyltransferase (HAT)-deficient CBP exhibit impaired
memory in the Morris water maze and object recognition tasks
(Korzus et al. 2004) and that mice heterozygous for a null muta-
tion of CBP exhibit impaired memory for object recognition and
contextual fear conditioning (Alarcon et al. 2004). Korzus et al.
(2004) were able to ameliorate the object recognition memory
deficit by intraperitioneal administration of the histone deacety-
lase (HDAC) inhibitor trichostatin A (TSA). Alarcon et al. (2004)
were able to ameliorate the contextual fear conditioning memory
deficit by intracerebroventricular injection of suberoylanilide hy-
droxamic acid (SAHA). These HDAC inhibitors induce a state of
increased histone acetylation that presumably compensates for
the lack of CBP histone acetyltransferase activity in the CBP mu-
tant mice. Levenson et al. (2004) demonstrated that HDAC in-
hibitors enhance induction of LTP at Schaftfer-collateral synapses
in area CA1 and enhance long-term memory formation for con-
textual fear conditioning. Additionally, in RTS mice, inhibitors of
phosphodiesterase 4 enhance CREB-dependent gene expression
and ameliorate memory deficits for object recognition in a dose
dependent manner (Bourtchouladze et al. 2003). Interestingly,
these authors observed a shift in the dose response curve in the
RTS mice as compared to wild-type mice, suggesting that an in-
creased upstream enhancement of the cAMP signaling cascade is
necessary to compensate for the downstream disruptions in this
pathway caused by the inhibitory truncated CBP mutant ex-
pressed in RTS mice. These results agree with our own in pointing
to a role for CBP and its histone acetylation activity in memory
storage. However, mice heterozygous for a null mutation of CBP
exhibit impaired L-LTP induced by four 100 Hz trains stimulation
(Alarcon et al. 2004), a form of LTP that we found to be normal
in our CBPA1 transgenic mice. Results from mice heterozygous
for a null mutation of CBP are difficult to interpret due to the
developmental abnormalities and embryonic lethality present in
these mice (Tanaka et al. 1997; Kung et al. 2000). With our trans-
genic approach, we are able to attribute LTP deficits in CBPA1
transgenic mice to the specific expression of CBPA1 in hippo-
campal neurons.

Our results demonstrate a role for CBP in hippocampal syn-
aptic plasticity and hippocampus-dependent long-term memory
formation. The involvement of CBP, a transcriptional coactivator

with histone acetyltransferase activity, in memory storage fur-
ther defines the complex nature of transcriptional activation re-
quired for memory. CBP is recruited to activated transcription
factors and then CBP itself is activated to initiate full transcrip-
tional activation. Thus, CBP may provide a mechanism by which
multiple signaling cascades are integrated to coordinately regu-
late gene expression. The future identification of genes regulated
by CBP and histone acetylation will be critical to our understand-
ing of the cellular processes activated by CBP during memory
storage.

Materials and Methods

Generation of CBPAI transgenic mice

The full-length wild-type cDNA (pRc/RSV-mCBP.HA.RK; Chrivia
et al. 1993) for mouse CBP was kindly provided by Dr. Marc
Montminy (The Salk Institute for Biological Studies). Amino ac-
ids 1-1084 (CBPA1) were cloned into pBluescript II KS (+/—)
using BamH1 and Xbal sites. The truncated CBP cDNA was then
FLAG-epitope tagged by Muta-Gene Phagemid In Vitro Mutagen-
esis (BioRad). FLAG-CBPA1 was cloned into the EcoRV site of
MM400, a vector containing the untranslated leader with a hy-
brid intron (Choi et al. 1991) and SV40 polyA sequences. Then,
FLAG-CBPA1 with an untranslated leader and SV40 sequences
were cloned into the Notl site of MM403, which contains the
8.5 kb mouse CaMKIla promoter (Mayford et al. 1996). All clon-
ing junctions were verified by DNA sequencing.

The FLAG-CBPA1 transgene construct was excised from
MM403 using BssHII sites and purified by CsCl gradient centrifu-
gation. The 13 kb transgene was isolated by agarose gel electro-
phoresis, electroeluted, and purified using Elutip (Schleicher and
Schuell). Transgenic mice were generated by injecting purified
CaMKIIa-FLAG-CBPA1 transgene into pronuclei of B6-SJL/F1 zy-
gotes (Transgenic and Chimeric Mouse Facility at the University
of Pennsylvania). Founders were backcrossed to C57BL/6] mice.
Mice were maintained and bred under standard conditions, con-
sistent with National Institute of Health guidelines and approved
by the Institutional Animal Care and Use Committee. Mice were
maintained on a 12-h light/12-h dark cycle with behavioral test-
ing occurring during the light phase. For experiments, subjects
were N2-N4s and 8-12 wk old at the time of testing and had free
access to food and water. Littermate mice were used for controls
in all experiments. For genotyping, tail DNA was prepared and
analyzed by Southern blotting using a transgene-specific probe as
previously described (Abel et al. 1997).

In situ hybridization and Nissl staining

Mouse brains were dissected and flash frozen in 2-methylbutane.
Sagittal cryostat sections (20 pm) were fixed and hybridized as
previously described (Abel et al. 1997). An [a-3>°S]-dATP-labeled,
transgene-specific oligonucleotide (5'-GCTTGTCATCATCGTC
CTTGTAGTCCATCCCATCCGCAGG-3') was used that hybrid-
izes to the FLAG-epitope and the beginning of the CBP cDNA.
Slides were exposed to Kodak Biomax autoradiographic film. For
Nissl staining, brains were dissected and flash frozen in liquid
nitrogen. Cryostat sections (20 ym) were fixed in 4% paraform-
aldehyde in PBS.

Northern blot analysis

Hippocampus, cortex, and cerebellum were dissected and placed
in RNAlater (Ambion). Total RNA was then isolated from tissue
homogenized in TRIzol reagent (Gibco). Eight micrograms of to-
tal RNA for each sample was separated on an RNA borate/
formaldehyde gel and then transferred onto Hybond-XL mem-
brane (Amersham Biosciences). The membrane was then probed
with a 32P-radiolabeled CBP amino-terminal cDNA fragment,
washed and then exposed to XAR-5 film (Kodak). The membrane
was then stripped using 0.1X SSC and 0.1% SDS at 95°C and
re-probed with a 3*P-radiolabeled p-actin cDNA fragment to nor-
malize loading and transfer.
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Tissue culture

HEK 293 cells (ATCC) were maintained in Minimum Essential
Media with Earle’s Salts (Gibco) supplemented with 10% horse
serum (ATCC) and 1% penicillin/streptomycin (LTI) and grown
at 37°C, 5% CO,. Before transfection, cells at 60%-70% conflu-
ence were incubated in serum free media with 1% penicillin/
streptomycin for 3 h. Cells were transfected with a total of 375 ng
plasmid DNA using FuGene 6 Transfection Reagent (Roche) ac-
cording to manufacturer’s protocol. The following plasmids were
used: ppgal-Crontrol (BD Biosciences), CRE-Luciferase (Ohda
et al. 2003), and CBPA1-MM400. ppgal-Control contains the
SV40 early promoter and enhancer sequences inserted upstream
and downstream, respectively, of the lacZ gene and was used to
normalize the transfection efficiency. CRE-luciferase expresses
firefly luciferase under the control of cAMP-responsive element
(CRE) and functioned as a reporter. CBPA1-MM400 expresses
CBPA1 (residues 1-1084) from the CMV promoter. MM400 was
added to keep the amount of DNA in each transfection equal.
One day after transfection, the cells were treated with 10 pM of
forskolin (Sigma) and 10 uM of IBMX (Sigma) and incubated for
6 h. At the end of incubation, cells were harvested and assayed
for luciferase activity with the Luciferase Assay System with Re-
porter Lysis Buffer (Promega) and B-Galactosidase activity with
B-Gal Reporter Gene Assay (Roche).

Electrophysiological analysis

Acute, transverse hippocampal slices (400 pm thick) were pre-
pared from 8- to 12-wk old transgenics and wild-type controls
and maintained in an interface chamber (Abel et al. 1997). Sec-
tions were continuously perfused with oxygenated artificial ce-
rebrospinal fluid (ACSF) at 31°C, pH 7.4 and allowed to recover
for at least 2 h after dissection before starting electrophysiologi-
cal experiments. Action potentials were elicited once per minute
in CA3 axons with a bipolar stimulating electrode (A-M systems,
Inc.; 0.002 inch diameter nichrome wire) placed in the stratum
radiatum, with the stimulus intensity set to produce 40% of the
maximum response. The resulting field potentials (fEPSPs) were
recorded using a glass microelectrode (A-M systems, Inc.; 1.5 mm
X 0.85 mm) filled with ACSF with resistance between 1 and 2
M{Q, placed in the stratum radiatum of CAl. Data were acquired
using Clampex 7 (Axon Instruments, Inc.) and exported to Igor
4.05A (Wavemetrics, Inc.), where both peak amplitude and ini-
tial slope of fEPSPs were calculated. Slices with peak amplitudes
less than 2.5 mV were not utilized. Paired-pulse facilitation was
assessed at interstimulus intervals ranging from 25 to 300 msec.
For slices in which the presynaptic fiber volley was distinguish-
able, input-output relations were characterized by plotting the
initial slope of the fEPSP against the amplitude of the presynaptic
fiber volley. For E-LTP experiments, baseline responses were
monitored for at least 15 min before applying one train of stimuli
at 100 Hz for 1 sec. L-LTP was induced using two stimulus pro-
tocols: a tetraburst protocol consisting of four 100 Hz, 1 sec trains
of stimuli administered 5 min apart, or a single 100 Hz, 1 sec train
delivered after 25 min in the presence of 10 uM chloro-APB
(Sigma), a D1 agonist, delivered in 0.05% EtOH. For both types of
L-LTP experiments, baseline responses were monitored for at
least 15 min, and recordings were continued for at least 2 h
following LTP induction. Initial fEPSP slopes were normalized
against the average of the last 20 responses before LTP induction
and expressed as percent. Post-tetanic potentiation was assessed
relative to baseline responses, 1 min after the 100 Hz train.

Water maze

The hidden and visible platform water maze experiments were
performed in a circular pool using the methods previously de-
scribed (Lattal and Abel 2001a), except that two trials per day
(4-6 min intertrial interval) were given during the eight training
days and mice were handled for 1 min every day for three days
before training began. Briefly, on the first day, mice were trained
to sit on a submerged platform in a bucket for two 30 sec trials.
Then, mice were trained for four days, a probe trial was given on
the fifth day, then four more days of training occurred (to the
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same platform location) followed by a second probe trial on the
tenth day. The platform was removed during probe trials on the
fifth and tenth days, which lasted for 1 min and were followed by
a 20 sec platform sit. The nonspatial version of the water maze
was performed by attaching a visible cue to the platform, which
was placed in different locations during each of the two trials per
day, for four consecutive days. Naive animals were used for the
visible platform task. The path of the mouse was recorded using
a video tracking system (HVS Image, Water2020 version 1/2001).

Fear conditioning

Fear conditioning experiments were performed in chambers us-
ing the methods previously described (Lattal and Abel 2001b).
Mice were handled for three consecutive days for 1 min each day.
For contextual fear conditioning, mice were placed into the con-
ditioning chamber and received a 2 sec 1.5 mA scrambled foot-
shock 2.5 min after placement into the chamber. Mice were re-
moved from the chamber after 3 min. During testing, mice re-
ceived one 5 min exposure to the same conditioned context in
the absence of shock 1 or 24 h after conditioning. Different sets
of mice were used for the 1 h and 24 h retention tests. For cued
fear conditioning, mice were placed into the chamber and the
cue (white noise) was activated from 2-2.5 min after placement
into the chamber with a 2 sec 1.5 mA footshock 2.5 min after
placement into the chamber. Mice were removed from the cham-
ber after a total of 3 min. On testing day, mice in the cued group
received one 5 min exposure to a novel context (another condi-
tioning chamber with smooth flat floor, altered dimensions, and
a novel odorant) for 0-2 min (pre-CS) followed by exposure to
the cue from 2-5 min (CS), 24 h after conditioning. Conditioning
was assayed by measuring freezing behavior, the complete ab-
sence of movement (Fanselow 1980). Freezing was scored during
conditioning as well as testing. The behavior of each mouse was
sampled at 5 sec intervals and the percentage of those intervals in
which the mouse froze was calculated. Different sets of mice were
used for contextual and cued conditioning experiments.

Data analysis

Analyses of variance (ANOVAs) were performed in all experi-
ments using SigmaStat (version 2.03) and Systat (version 7.0.1).
Repeated measures ANOVA were used where appropriate. Simple
planned comparisons were made using Student’s t-test. There
were no overall significant differences between males and fe-
males for either the wild type or transgenic groups, therefore
results were collapsed for final data analysis. Experimenters were
blind to genotype and genotypes were confirmed by Southern
blot analysis or PCR following behavioral and electrophysiologi-
cal tests.
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